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Introduction
All living things are made of cells, one type of which are eukaryotic cells, that are

nucleotides that codes for the proteins that allow an organism grow and function. In the process
of generating protein from the DNA code, an intermediary molecule, mRNA, is first transcribed
in the nucleus. The mRNA then exits the nucleus through nuclear pores, selective doorways in
the nuclear envelope, to reach the cytoplasm of the cell. In the cytoplasm, the mRNA is used as
instructions to be translated into proteins by ribosomes. This process is the Central Dogma of
molecular biology and describes the flow of genetic information in cells and in turn gene
expression (Figure 1). Nuclear export is fundamental to this process in eukaryotes. Without
proper selective export across nuclear pore proteins, mRNA would not be able to leave the
nucleus, and the proteins which are encoded by it would not be made. Thus, eukaryotic life
would not be possible.

4

Figure 1: The Central Dogma
Saccharomyces cerevisiae, budding yeast, is a single celled eukaryotic organism. Like
human cells, S. cerevisiae cells have a nucleus with a nuclear envelope and nuclear pores. This
makes it is an excellent model organism to aid in understanding the process of mRNA export.
The homology, or similarity, of yeast and human cellular form and function allow scientists to
implement knowledge of the yeast cell to human cells, particularly of essential processes like
those in gene expression. Yeast cells have a shorter genome than that of humans and are easily
manipulated. Yeast cells grow quickly and disruption of essential processes, like that of nuclear
export, are easily seen with the naked eye. If nuclear export is disturbed, either by a mutation to
mRNA cannot code for essential proteins, and the cell does
not grow. Therefore, cell growth is a straightforward readout to analyze the function of proteins
that play a role in this essential process.
In this study, I explore Bop3, a protein in yeast, that is linked to nuclear export. I sought
to answer the question: is Bop3 functionally regulated by post-translational modification? This
was accomplished in a multi-step analysis. First, I used bioinformatics to assess evolutionary
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conservation of Bop3 protein sequence. Next, I searched databases for putative phosphorylation
and SUMOylation sites in the Bop3 protein sequence to identify the sites of post-translational
modification. I then mutated the sequence encoding the amino acid residues of interest in a
BOP3 plasmid using PCR-mediated site-directed mutagenesis. Finally, I transformed wild type
and mutant plasmids into yeast strains to observe the resulting impacts on growth. These
experiments were aimed to determine if the identified putative sites of putative post-translational
modification would have an effect on the function of Bop3 as assessed by yeast growth. Since
Bop3 is active in nuclear export, these findings would determine if post-translational
modifications are important in its function.

Background
mRNA Export
The function of mRNA export is to allow transcribed and processed mature mRNA to
exit the nucleus and enter the cytoplasm. A eukaryotic
nucleus and is there transcribed into mRNA. Transcription occurs when transcription factor
proteins bind to a specific sequence in the DNA, the promotor and enhancer regions, and initiate
RNA polymerase to copy the DNA into a new piece of material, mRNA. The mRNA cannot be
translated into a product inside the nucleus, so it must be exported into the cytoplasm where it
can enter a process to create the encoded protein (Brooker, 2021).
Before exiting the nucleus, the mRNA must first be processed. During mRNA
-A tail, which protect it from degrading or
binding to other genetic material; many transcripts are also spliced to remove non-functional
introns. The mRNA then binds to a complex of proteins to facilitate its export, becoming a large

6
complex called the messenger ribonucleoprotein, or mRNP (Wende et al., 2019). The TREX
(transcriptional export) complex is a large collection of proteins that is present during mRNA
transcription. The TREX complex has a variety of functions that aid in nuclear export, including
transcriptional facilitation and prevention from damage during transcription (Wende et al., 2019).
Another notable protein that is present on mRNA during its export out of the nucleus is Nab2
(nuclear polyadenylated RNA-binding 2) which is bound to the poly-A tail and signals proper
mRNA poly-adenylation. Nab2 then recruits other export proteins like Mtr2-Mex67 (mRNA
transport 2-mRNA export factor of 67 kDA), which anchor to the mRNP and facilitate its export
out of the nucleus by directly interacting with the nuclear pore complex (NPC) and its proteins
(Figure 2) (Wende et al., 2019) (Katahira et al., 1999).
Once the mRNP exits the nucleus, there are a few steps that need to occur in order for the
mRNA to be free of its export proteins (Figure 2). This provides directionality to the transport
process and permits the transcript to be translated in the cytoplasm. Gle1 (GLFG lethal 1),
Nup42 (nucleoporin 42), Dbp5 (deadbox protein 5), and IPK1 (inositol polyphosphate kinase 1)
are NPC-associated proteins that are integral in this process.
1. Gle1 is bound by the product of Ipk1 kinase activity IP6 (inositol hexakisphophate 6).
The IPK1 gene allows for a biochemical pathway that produces IP6 from IP5, whose
production is required for mRNA export (Miller et al., 2004).
2. In addition to binding IP6, Gle1 also binds to Nup42. These interactions allow for Gle1 to
activate Dbp5, which hydrolyzes ATP to ADP (Figure 2) (Adams et al., 2017) (AlcázarRomán et al., 2006)
3. Through Dbp5-mediated ATP hydrolysis, this trimeric complex aids in Mtr2-Mex67
being released from the mRNA. Mtr2-Mex67 are then recycled back into the nucleus for
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additional rounds of mRNA export (Figure 2) (Adams et al., 2017). If this does not occur,
mRNA can travel back into the nucleus by virtue of remaining associated with Mex67.
Therefore, the ATP hydrolysis activity of Dbp5, stimulated by Gle1 and Nup42, is
essential for mRNA transport directionality (Katahira et al., 1999).
4. Once the mRNA is free from the complexes that aid in its export, it can be translated into
proteins in the cytoplasm.
B)

A)

C)
Figure 2: (A) mRNA bound to export proteins
inside the nucleus. (B) mRNA bound to
cytoplasmic export protein complex. (C) mRNA
free in cytoplasm; export proteins are recycled

Bop3 Discovery and Known Function
Bop3 (bypass of PAM1 protein 3) is a nonessential protein of unknown function within S.
cerevisiae. Previous studies have demonstrated that it genetically interacts with two proteins that
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function in nuclear mRNA export: Nup42 and Ipk1. When these two genes are deleted from the
DNA sequence of S. cerevisiae (

) and the cells are placed at a high temperature, the

mutants do not grow because mRNA cannot leave the nucleus. However, when Bop3 is
overexpressed using a 2µ plasmid, the

mutants survive (Adams Lab, personal

communication). This suggests that the under-explored Bop3 protein may function in regulating
mRNA export. Other than rescuing this temperature sensitive growth defect, the overexpression
of Bop3 can also rescue other growth defects relating to environmental factors, like allowing S.
cerevisiae to grow in methylmercury (Hwuang et al., 2005). This ability of Bop3 to allow yeast
to overcome harsh environmental conditions and continue export of mRNA out of the nucleus to
allow for translation of proteins is especially interesting because the human and S. cerevisiae cell
are both eukaryotic and cellular processes are conserved among them. Knowing more about
yeast allows scientists to know more about human beings.

Protein Post-Translational Modifications
Post translational modifications (PTMs) allow for the function of proteins to be regulated
after they have been generated in the cytoplasm. Two of these modes of regulation are
phosphorylation and SUMOylation. Phosphorylation is the attachment of a phosphate group to a
specific amino acid residue of a protein to affect its function. In eukaryotes, this occurs at the
amino acids residues: serine (S), tyrosine (Y), and threonine (T). Kinases are enzymes that
facilitate this phosphate transfer from ATP onto proteins. Kinases can regulate many processes
in the cell, including metabolism and the cell cycle, hinting at the possible role of Bop3 in other
essential cellular processes. Regarding Bop3, there is evidence that two serine residues have
been phosphorylated. Serine has a functional -OH (alcohol) group to which a phosphate will
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attach after the hydrolysis of the hydrogen; a negatively charged phosphate group will take its
place. The amino acid aspartic acid (D) is negatively charged, allowing for a phosphomimetic
residue on the protein that mimics phosphorylation. Alanine (A), however, does now allow for
phosphorylation to occur as it does not have a functional group that would allow for
phosphorylation (Figure 3). Using this approach, the function of the altered protein can then be
assessed in cells by introducing mutated genes to mimic or inhibit phosphorylation and analyzing
the resulting phenotype. If the change to a phosphodead amino acid (A) does not have an effect
on the growth of a cell, then the conclusion is that a phosphorylation at that amino acid site is not
necessary for the function of the protein. If the cell does not show growth, then the
phosphorylation, or regulated phosphorylation, is necessary.

Figure 3: from left to right: phosphodead alanine, phosphomimetic aspartic acid, and wild type
serine.
A second form of post-translational modification is SUMOylation, which works in a
similar but distinct way as phosphorylation. Instead of a small phosphate group being added to
the protein, a small protein called SUMO (Small Ubiquitin-like MOdifier) is covalently attached
to the specific lysine (K) residues of a protein. SUMOylation occurs when an E1 enzyme
activates a SUMO pathway, and E2 and E3 proteins subsequently attach a SUMO molecule to
the target residue (Geiss-Friedlander & Melchior, 2007). Because SUMOylation occurs at lysine
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residues, mutations to change those encoded sites can affect the ability of SUMO proteins to
attach to the target residue. Lysine (K) is negatively charged and allows for a SUMO protein to
be covalently attached to the functional group. Alanine does not allow for this to happen as there
is nothing for a SUMO protein to attach to. Arginine (R) is positively charged like lysine (K) but
also prohibits SUMOylation, allowing the analysis of the impact of the SUMO modification
while retaining residue charge (Figure 4). If growth does not occur when the lysine is replaced
with arginine or alanine, then it can be concluded that SUMO interaction is essential at that place
in the protein sequence for the protein to function.

Figure 4: from left to right, positively charged arginine, uncharged alanine, and wild type lysine.

Bioinformatics
Bioinformatics is a way to analyze molecular biological information and make inferences
about biological function using computational analysis, without the use of traditional laboratory
sequence of a gene or
organism, the evolutionary relationship of homologous genes or proteins can be determined.
When a protein of interest is compared to orthologous proteins in other organisms, consensus, or
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similarity, between the sequences indicate evolutionary relatedness and therefore similar
function. If there is a consensus in specific areas or even groups of residues, then those areas are
likely important since they have maintained throughout evolutionary divergence of species.
These areas may be essential to the survival of an organism. For example, cellular processes such
as cell division and ATP production have been conserved because they promote growth and
proliferation of life. On the other hand, things like phenotype can change as an organism adapts
to their environment. I used bioinformatical approaches to explore the potential function and
conservation of Bop3 and to identify putative PTM sites.
I use various approaches to comprehensively understand what sites of post translational
modification are involved in the functional regulation of Bop3 as it is known. By better
understanding Bop3 regulation in yeast, we can better understand how human cells grow and
survive.

Materials: Yeast and Plasmids
Table 1: Yeast
Yeast strain

Function
This mutation is the basis of the known function of Bop3, the

nup42::HIS3 ipk1::NATR
yBA30

rescuing of this temperature sensitive growth defect
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Table 2: Plasmid Controls
Plasmid

Function

BOP3/2µ/LEU2

Positive control at high temperature

pBA85
2µ/LEU2

Negative control at high temperature

pBA12

Table 3: Mutated Plasmids
Type of

Site

Mutation

Primers

144

S D

F:

serine aspartic acid

gctgtcgactcattggagttggatccactgtgttcatatttagaggt

oBA233 and oBA234

R:

pBA136

acctctaaatatgaacacagtggatccaactccaatgagtcgaca

interaction
Phosphorylation

gc
144

S A

F:

serine alanine

cgactcattggagttggtgccactgtgttcatatttaga

oBA235 and oBA236

R: tctaaatatgaacacagtggcaccaactccaatgagtcg

pBA137
Phosphorylation

231

S D

F:

serine aspartic acid

tggtgaactttcctattggaagatccaagttacggctgtgaagag

oBA237 and oBA238

aag

pBA138
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R:
cttctcttcacagccgtaacttggatcttccaataggaaagttcacc
a
231

S A

F: actttcctattggaagtgccaagttacggctgtgaag

serine alanine

R: cttcacagccgtaacttggcacttccaataggaaagt

oBA239 and oBA240
pBA139
SUMOylation

53

K A

F:

lysine alanine

tttctgagaatgctttaatgaaagctatggatttggcaatagaacaa

oBA228 and oBA229

gaaaagactaagcagcaatattataa

pBA134

R:
ttataatattgctgcttagtcttttcttgttctattgccaaatccatagc
tttcattaaagcattctcagaaa

53

K R

F:

lysine arginine

ctgcttagtcttttcttgttctattctcaaatccatagctttcattaaag

oBA241 and oBA242

c

pBA140

R:
gctttaatgaaagctatggatttgagaatagaacaagaaaagact
aagcag

SUMOylation

199

K A

F:

lysine alanine

ccgcagttgctgcgttgaatgacaatatttccattgcggaggaag

oBA230 and oBA231

atgtggctaggcgaattccctctggtac

pBA135
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R:
gtaccagagggaattcgcctagccacatcttcctccgcaatgga
aatattgtcattcaacgcagcaactgcgg
199

K R

F: ccacatcttcctccctaatggaaatattgtcattcaacgcag

lysine arginine

R: ctgcgttgaatgacaatatttccattagggaggaagatgtgg

oBA243 and oBA244
pBA141

Materials and Methods: Bioinformatics
Potentially Regulated Sites
The Bop3 protein sequence was downloaded from the Saccharomyces Genome Database
(SGD). To find sites of phosphorylated on the protein sequence of Bop3, PhosphoGRID was
used. To identify sites of SUMOylation, GPS-SUMO was used. These are public online
repositories of identified PTMs from large-scale analyses. The Bop3 protein sequence was
imported into these programs, and they generated a list of putative PTM sites. The interactions
were analyzed to determine if they are likely enough to be sites of modification, and high
confidence sites were selected for subsequent mutation. From that information, primers were
designed with QuikChange Primer Design from Agilent and obtained from Integrated DNA
technologies (Table 3).
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Evolutionary Conservation
To analyze the evolutionary conservation between Bop3 in S. cerevisiae and other similar
proteins in other organisms, Bop3 orthologues were first identified using the Basic Local
Alignment Search Tool (BLAST). The Bop3 protein sequence was compared to the nonredundant sequences database, a non-curated collection which anybody can contribute to. The
BLOSUM62 matrix was used in this BLAST search, which grades amino acids based on how
close in sequence and location they are to the original Bop3 sequence. This matrix is the default
and is used because it has been empirically shown to be the best matrix for weaker links without
compromising the integrity of the search.
The Bop3 protein sequence .fasta file was uploaded to the BLAST site and a protein
BLAST was performed using the selected guidelines. Redundant Bop3 results with an E-score of
0 and over 99% identity were excluded from a complete sequence .fasta download. A copy of the
original Bop3 protein sequence was left in the .fasta file to be compared to later. The results were
imported into ClustalO to generate a multiple sequence alignment (MSA). The resulting .fasta
alignment file was viewed using Jalview. Positions that were identified as potential PTM sites on
the original S. cerevisiae Bop3 sequence were compared with other sequences to determined he
extent of evolutionary conservation for these sites.

Phylogenetic Tree
The MSA was input into Simple Phylogeny, a program from European Molecular
tute. The program generated an evolutionary tree
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based on the MSA results, and from that tree the evolutionary relationship between Bop3 and
other like proteins was determined.

Predicting Kinase Interactions
The Bop3 protein sequence was input into NetPhos from the Dutch Technical University
to predict sites of kinase interaction at the previously determined sites of interest. This program
uses an algorithm that predicts traditional sites of phosphorylation for 17 kinases from previously
determined empirical data. Experimentation of these sites can be useful in future research to
explore the role of Bop3 in the cell cycle, among other processes within the cell.

Predicting Protein Structure
Phyre2 from the Imperial College of London was used to predict the structure of Bop3.
The .fasta file of the amino acid sequence of Bop3 was uploaded to this site, which provided
secondary structure predictions based on previous empirical data.
Bioinformatics Results
Putative PTM Sites
From PhosphoGRID, two sites of phosphorylation were found, site 144 and 231, both
with a serine (S) (Albuquerque, C. et al., 2008) (Bodenmiller, B. et al., 2010). The sites of highconfidence SUMOylation were amino acid residues 53 and 199, both lysine (K).

Consensus Sites
The BLAST of Bop3 identified putative BOP3 orthologues, similar genes that may have
evolved from a common ancestor. 180 results of potential interest were identified using the
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BLASTP tool. Sequences in similarity above the chosen parameters were excluded from the
analysis as they correspond to S. cerevisiae Bop3 sequences in different strains. 154 orthologous
sequences were then analyzed using ClustalO with default settings to generate an MSA and
viewed in Jalview. The S. cerevisiae Bop3 sequence was also used in the analysis as a baseline.
From the four putative PTM sites, one, S231, was found to have high conservation among all but
two sequences (Table 4).

Table 4: Consensus sites of the Bop3 protein sequence. Amino acid of interest is in red box.
Position

Photo

Comments

53: K, lysine

The lysine was not conserved among the sequences.

199: K, lysine

The lysine was not conserved among the sequences.

144: S, serine

The serine was not conserved among the sequences.

231: S, serine

The serine was conserved among all but two sequences.
The amino acids around it have also been conserved.

Phylogenetic Tree
To visualize Bop3 ortholog relationships, a phylogenetic tree was generated. This tree
allows one to assess which samples from the bioinformatic analysis were most closely related to
Bop3, and to see the progression of genes as they evolved. The proteins closest to Bop3 in
sequence will be closer to Bop3 on the tree, and a common ancestor could be found if all
common sequences evolved from it. If a well-studied protein is similar to Bop3, then the
function of Bop3 may be inferred from the said protein.
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The three proteins closest to Bop3 yielded no significant results. These proteins come
from yeast with limited information known about them, and the proteins are not studied beyond
being compared to Bop3 in a BLASTP (Figure 5). The function of Bop3 was not able to be
determined from these results. No other proteins other than those in yeast were found to be
closely related to Bop3.

Figure 5: Phylogenetic tree of Bop3 and orthologues.

Kinase Predictions
Kinases phosphorylate proteins and are involved in other important cellular processes. It
is not known which, if any, kinases act on the putative phosphorylated amino acid sites in Bop3,
so an algorithm was used to determined what kinases may act with Bop3, providing the basis for
future research in this topic. No kinases were predicted to interact with amino acid site 144.
However, several kinases were predicted to potentially phosphorylate site 231. These kinases are
PKA, which is active in metabolism, DNAPK, active in cell proliferation, and Cdc2, active in the
cell cycle. It is important to note that these are predictions based on a wide range of previously
gathered phosphorylation data, not confirmation that these kinases do or do not phosphorylate
these sites.
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Protein Structure Prediction
The structural analysis showed five areas of possible alpha helix structure on the Bop3
protein, all except one within the first 100 amino acids of the protein. Amino acid 53 was
determined to be part of an alpha helix (Figure 6).

Figure 6: Predicted sites of secondary structure and the putative PTMs of Bop3
Materials and Methods: Temperature Sensitivity
PCR Mutagenesis
The purpose of PCR mutagenesis is to introduce mutations to change the encoding
sequence of bioinformatically determined PTM sites of Bop3. The template used was pBA85, a
BOP3/2µ plasmid, from the Adams Lab at Belmont University, which overexpresses the BOP3
gene to creates an abundance of Bop3 proteins within yeast cells. This plasmid encodes a
resistance of ampicillin in bacteria and a leucine biosynthesis in yeast. These markers ensure
proper plasmid selection during subsequent experimentation
Buffer, dNTPs, 10µM diluted primers, 100ng template DNA, MiliQ water, and Phusion
enzyme were combined for the PCR reaction. The reaction was completed with each forward and
reverse primer separately for 15 cycles and extension times of five minutes for each cycle. Then,
the reactions with two paired individual primers were combined and continued for 10 cycles with
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an extension time of five minutes for each cycle to ensure proper annealing of new, mutated
strands.

Dpn1 Digestion
Once the PCR reaction was complete and samples of newly mutated plasmids were
obtained, a digestion reaction using Dpn1 was performed to ensure digestion of any wild-type
parental plasmid.
0.5µL of Dpn1 was added to each sample, and the samples were incubated and 37 ºC for
two hours of digestion. This process was repeated a second time to ensure total digestion of
unmutated template plasmid.

E. coli Chemical Transformation
After parental DNA was removed from the sample, the sample was transformed into
Escherichia coli to select individual clones and amplify the plasmid. To ensure no
contamination, E. coli was plated on ampicillin plates. Only the samples with an ampicillin
resistance gene from a plasmid grew and were then harvested.
To transform, E. coli

-digested PCR

product and incubated on ice, then heat shocked and rested on ice. The mixture was outgrown in
liquid broth (LB) for one hour with shaking at 37 ºC following sterility guidelines. The cells
were pelleted, resuspended, and plated on LB+100 g/mL Amp plates and grown overnight at 37
ºC.
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Clean Mini Prep of Plasmid
This is the final step of plasmid preparation before sequencing and then transforming into
yeast. The mini prep served to isolate the desired plasmid from the bacteria at high
concentration. A clean prep aims to clean the DNA of any E. coli components thoroughly,
allowing for high-quality sequencing of the resulting plasmid.
The E. coli was harvested and outgrown in LB+100 g/mL Amp with shaking overnight
at 37 °C. The cells were pelleted and resuspended in the following, in order: 100µL solution 1
(50 mM TRIS-HCl in 10 mM EDTA), 200µL solution 2 (200nM NaOH in 1% SDS), 300µL
solution 3 (3M potassium acetate and 3M ammonium acetate in 4.2M Gu-HCl and 0.9M
potassium acetate). The sample was centrifuged and supernatant transferred to Qiagen column,
then centrifuged again and the flow-through was discarded. The column was washed with PE
buffer (10 mM TRIS-HCl in 80% ethanol) and the flow-through discarded upon centrifuging.
The column was added to a new microcentrifuge tube, and 50µL MiliQ water was added to
column. Once centrifuged, the eluent, which contained plasmid DNA, was collected.

Sanger Sequencing
The mutated and prepped plasmids were sent to GenHunter Corporation and sequenced
using Sanger sequencing and oBA247, which anneals at the
over the sequence of interest. The sequences were analyzed using ApE software to confirm that
the desired mutations were successfully generated.
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Yeast Transformation
This step transforms the Bop3 plasmids into S. cerevisiae to observe how mutating its
sequence affects known function. The plates used to grow yeast were lacking leucine, so only
yeast that has taken up the plasmid, which contains the LEU2 gene that allows for leucine
biosynthesis, were able to grow on such a plate. This ensures that later harvested yeast have the
plasmid and thus the mutated copy of BOP3.
Three flasks of serially diluted yeast were grown in YPD overnight with shaking. Then, a
flask at log phase was chosen, the contents centrifuged to pellet yeast cells, and supernatant
removed. The yeast pellet was washed with sterile LiAC-TE and centrifuged again. The
supernatant was removed and 100µL per transformation of LiAC-TE and 5µL per transformation
of salmon sperm carrier was added to the yeast, then mixed. The contents were added to
individual microcentrifuge tubes and 5µL of respective plasmid was added to each one. 40%
PEG-4000 in LiAC-TE was added to each tube and the tubes were incubated at 25 ºC for 30
minutes. Then, the tubes were mixed and heat shocked at 42 ºC for 15 minutes. The contents
were centrifuged, and supernatant was removed. Sterile 1 mM CaCl2 was added to each tube and
mixed to wash cells and remove residual PEG-4000. The tubes were centrifuged and most of the
supernatant removed. The remaining contents were mixed and each transformation was plated on
-Leu synthetic dropout plates with beads and grown at 25 ºC. An individual colony was then
transferred to fresh -Leu plates to create a stock of plasmid-containing clonal yeast to be used for
future experimentation.
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Selective Media Growth: Temperature Sensitivity
The temperature sensitivity test is used to determine whether the mutation on the protein
of interest plays a role in the known function of Bop3, to rescue a

temperature

sensitive growth defect.
A sample of each stock yeast was grown at 25 ºC overnight with shaking in -Leu liquid
media with glucose using serial dilutions. The OD600 of each sample was measured and a volume
of yeast that corresponds to 0.25 OD units was placed in a microcentrifuge tube. The tube was
centrifuged, and supernatant was removed. All samples were resuspended in 500µL sterile water.
The sample was serially diluted 1:5 four more times for a total of five dilutions. Three
microliters of the now diluted samples were plated on -Leu and grown at temperatures: 25 ºC and
37 ºC. After two days of growth, pictures were taken of the plates.

Temperature Sensitivity Growth Results
A yeast with the mutation

at high temperatures of 37 ºC is fatal. However,

an overexpression of BOP3 from a 2µ plasmid in these conditions rescues the temperature
sensitive growth defect, allowing yeast to grow (Table 5). The positive control of a wild-type
BOP3/2µ/LEU2 plasmid in these conditions as well as negative control of an 2µ/LEU2 vector
plasmid are used as comparisons for all other growths. At 25 ºC, both BOP3/2µ/LEU2 and
2µ/LEU2 plasmids resulted in similar levels of growth, as expected. This is because
mutants do not have a growth defect at this temperature. However, at 37 ºC, only the
BOP3/2µ/LEU2 transformants grew, while 2µ/LEU2 transformants did not grow well, as
indicated in the second dilution spot.

24
Bioinformatic analysis suggests that lysine (K) 53 is SUMOylated. In order to assess
whether this SUMOylation is important for Bop3 function, I altered this residue to alanine
(K53A), which prohibits this modification at this site. Because this mutation also impacts amino
acid charge, I also altered this residue to arginine (K53R), which maintains the amino acid
positive charge. Comparing the growth of

mutants transformed with these mutated

plasmids, I observed that the bop3-K53A mutant had reduced growth at 37 ºC compared to 25 ºC,
but the bop3-K53R mutant showed similar growth at both temperatures (Table 6). This indicates
that although the charge of this residue is important for Bop3 function, SUMOylation at this site
is not. I also identified K199 as a site of potential SUMOylation. Generating the same types of
alterations (K199A and K199R) did not result in any reduction in growth at 37 ºC, indicating that
SUMOylation at this site has no functional consequence (Table 7).
Bioinformatic analysis suggests that serine (S) 144 is phosphorylated. I mutated this site
to an alanine (A) to inhibit phosphorylation. There was similar growth at both 25 ºC and 37 ºC
compared to the controls. I also altered the protein to always be phosphorylated, changing the
lysine (K) to an aspartic acid (D). The K144D alteration showed similar growth at both
temperatures (Table 8). These observations indicate that these modifications to the amino acid
site 144 of a Bop3 protein are not necessary for its functional regulation. Like site 144, amino
acid site 231 was altered with the same parameters. A bop3-S231D mutant showed growth
similar to controls, so this residue is likely not an essential site for the known function of Bop3.
However, a phosphodead bop3-S231A altered protein resulted in decreased growth at 37 ºC,
indicating that this phosphorylation inhibiting mutation altered the function of BOP3 and may
have functional consequences (Table 9).
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Table 5: Controls
Bop3 2µ

Leu 2 EV

Table 6: Amino acid site 53, SUMO PTM
K53A: no charge

K53R: positive charge

Table 7: Amino acid site 199, SUMO PTM
K199A: no charge

K199R: positive charge

Table 8: Amino acid site 144, Phosphorylation PTM
S144D: phosphomimetic

S144A: phosphodead
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Table 9: Amino acid site 231, Phosphorylation PTM
S231D: phosphomimetic

S231A: phosphodead

Discussion
A phylogenetic tree showed no significant evolutionary relationships between Bop3 and
well-studied proteins in other organisms. All the proteins in the analysis were yeasts, therefore
Bop3 may only be present in yeast and may not serve an essential function in organisms other
than yeast. The three proteins found to be most closely related to Bop3 in S. cerevisiae are not
studied beyond preliminary sequencing. Thus, the function of Bop3 cannot be deduced from
these results. Bop3 allows for survival under harsh conditions, particularly in environments with
toxins or high temperatures. It has likely evolved in budding yeast, which is used in bread
making and alcohol brewing, in order to be a better fit for its environments, which are typically
hot and contain chemicals.
Only one amino acid site identified in the search for modified residues displayed
conservation among Bop3 orthologues: S231. The identity of this amino acid was maintained in
152 of the 154 orthologues identified. Importantly, not only was S231 conserved, but the amino
acids surrounding it were also conserved. Conservation in protein sequence at a certain site
typically correlates to that site being necessary for function, often through protein-protein
interaction. Additionally, an extended sequence of conservation also indicates that this string of
residues might mediate an important binding interface. Therefore, it can be concluded that this
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site of possible phosphorylation may be functionally regulated in Bop3 to impact interaction with
a binding partner, such as the kinase, or another protein.
Possible kinase interactions only showed a potential for S231 to interact with kinases that
are known to have strong consensus interaction sequences. This confirms the result that S231
phosphorylation has potential functional consequence. Kinases have many functions within the
cell. It is not known what cellular functions Bop3 participates in other than nuclear export, but
the possibility that it interacts with kinases and allows rescue of yeast growth under various
harsh conditions may mean that it participates in other essential processes, like the cell cycle.
Because of the wide range of activity kinases complete, identification of the kinase may give
insight into what other functions, besides those in nuclear export, Bop3 may have, or under what
conditions its function is regulated.
Serine 231 shows the most potential to be functionally regulated. This site showed the
most evolutionary conservation in bioinformatical analysis, it was predicted to be phosphorylated
with three different kinases, and its change to be phosphodead inhibits the known function of its
protein. This amino acid had evolutionary consensus among the residues surrounding it. Kinases
recognize a string of multiple amino acids within a protein structure to bind and phosphorylate
their targets, so this high degree of conservation increases the likelihood that S231 may be
essential to the function of Bop3. A positive charge at site 53 may be necessary for Bop3 to be
functionally regulated because altering the site to have an alanine (A) amino acid, which has no
charge, at that area did not allow for the completion of the known function of Bop3. This area
showed possible alpha helix structure, so a positive charge at residue 53 may be necessary for the
structure of Bop3. However, it did not show evolutionary conservation, so this residue must be
studied further to make any conclusions.

28
The function of Bop3 in a cell remains unknown. However, this project has shown great
potential for further inquiry into its functional regulation. It is now known that the inhibition of
PTMs, phosphorylation in particular, may have a role in how the overexpression of Bop3
completes its known function. It is also known that although Bop3 has not been highly conserved
throughout evolution as a whole, some parts of its amino acid sequence may have been. This
project was successful in exploring the functionality of putative Bop3 post translational
modifications.
Appendix: Synthetic Lethality
The concept of synthetic lethality in regard to Bop3 is a new concept that is not well
studied. Some preliminary data has shown that another gene may compensate for the function of
Bop3, however this gene is unknown. In a yeast strain where this hypothetical gene is
mutagenized, a

would not allow for yeast growth. The goal of this arm of the project was

to determine if a mutation to the putative PTM sites of Bop3, in a yeast with a randomized
synthetic lethal mutation, would affect the known function of Bop3. This part of the project had
good theory and foundation; however, the result controls did not grow as expected, and thus the
results cannot be validated. I have included this appendix as supplemental information for future
exploration.

Background
Bop3 is a non-essential protein of unknown function in yeast. Although overexpression
of Bop3 rescues the growth defect of a

mutant, suggesting a function in mRNA

export, deletion of the BOP3 gene shows no obvious growth defect. This suggests that another
gene might be functionally compensating for loss of BOP3. For my discussion, this hypothetical
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gene is called BSL1 (Bop3 synthetic lethality 1). Previous students in the Adams Lab performed
a synthetic lethal screen in order to try to identify this compensating gene in order to shed light
onto the molecular function of Bop3. To do this,

mutants were treated with UV light to

introduce a variety of mutations. Strains were screened for those that do not grow in the absence
of Bop3 (Adams Lab, personal communication). A BOP3/URA3 plasmid is necessary in this
strain for the survival of the yeast. To test whether mutations of BOP3 have an effect on Bop3
function, the plasmid with mutations encoding putative post translational modifications were
introduced and analyzed for whether the wild-type BOP3/URA3 plasmid could be lost, as
indicated by growth on 5-FOA. If the yeast with the mutated plasmid grows on 5-FOA, then that
alteration does not have an effect on the growth of the yeast and may be nonessential. If the yeast
shows signs of a growth defect, then that amino acid site may be essential to the function of
Bop3.

Methods
Table 10: Yeast strain used for synthetic lethality
Yeast strain

Function

Bop3 2µ plasmid inserted

Plasmids transformed into this strain are used

yBA35

to test for synthetic lethality

The synthetic lethality test is used to determine whether the mutation on the protein of
interest is essential for the functioning of the entire yeast organism. The clone colony is plated on
5-FOA. This chemical causes the yeast to remove its wild-type BOP3/URA3 plasmid and the
only yeast to grow on the material contain only the LEU2 plasmid and chosen BOP3 along with
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it. The growth determines if the specific potentially regulated site is necessary for Bop3 to
survive. Wild-type BOP3/LEU2 plasmid was used as a positive control, and the template yeast,
with a mutagenized synthetic lethal gene and no Bop3, was a negative control (Figure 10).
A sample of each stock yeast was plated on 5-FOA plates, then grown at 25°C and
analyzed for synthetic lethality. Photos were then taken of the growth.

Results
The positive control of a BOP3/2µ/LEU2 plasmid did not grow, and the negative control
of yBA35 did grow on 5-FOA (Figure 7). All other altered protein forms of Bop3 also grew in
this media.

Figure 7: Synthetic lethality of Bop3
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Discussion
Because the positive control did not grow while the negative control did, the synthetic
lethality research failed. It is not known why this happened. If the positive control had grown and
negative did not, then the results would have been able to be validated. These results would show
that because there is growth among all mutant plasmids in thus synthetic lethal strain, none of the
mutated amino acid residue sites are essential to the function of Bop3 at a cellular level.
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